The effects of polar solvents and proton donors on various photoreactions of the benzene ring with electron-acceptor alkenes and alkynes are described and discussed in relation to the various electronic excitation mechanisms involved. Proton donors prove valuable as mechanistic probes for polar intermediates in such processes, and can in some systems both initiate and divert reaction pathways. 
elusions reached have been found to have good predictive value [8] . It is particularly relevant to the mechanism of acid effects that the analysis shows the three new bonds formed in meta cycloadditions to arise in a partially or fully concerted manner from Si benzene plus So alkene, whereas concerted ortho cycloaddition can only arise from So benzene plus Si alkene, or via charge transfer either to or from the arene.
Not surprisingly, we and others have observed that the largely homopolar concerted meta addition, mode (b), usually shows little or no sensitivity either to the presence of proton donors or to solvent polarity [13, 18] . The only exception to this so far noted is in the photoaddition of ethyl vinyl ether to anisole, giving adducts (12) , which is markedly promoted by solvent acetonitrile in comparison with cyclohexane [19] . There is however no diversion of the reaction pathway. The only mechanistic conclusion we have yet reached on this apparent anomaly is that the transition state(s) for formation of adducts (12) is or are markedly more polar than the system at earlier stages along the reaction coordinate, and more polar than the corresponding transition states for formation of analogous adducts where one or both -OEt groups are absent. The most odd feature of this anomalous case is that the sensitivity to solvent polarity is manifest in a reaction which is expected a priori to be essentially homopolar in view of the closely similar ionization potentials of anisole and ethyl vinyl ether (8.54 and 8.6 eV respectively). The observed meta rather than ortho cycloaddition is however in accord with the orbital symmetry analysis [17] .
As for the rather rare para cycloaddition, mode (c), no studies of solvent polarity or proton donor effects have yet been reported, and we ourselves have not yet investigated these matters.
On the other hand, the para ene-addition, mode (d), is markedly promoted by proton donor solvents such as methanol, but not by aprotic polar solvents such as acetonitrile. As we have discussed our studies on this process in some detail elsewhere [13] , it will be sufficient for the present purposes to point out that para-ene photoaddition is non-stereospecific and occurs by a non-concerted mechanism, in contrast with the concerted mechanism normally attributed to conventional thermal ene-additions. We have suggested the intermediacy of the zwitterion (13) or a related dipolar exciplex species [13] , With CH3OD as solvent, we have shown that D is incorporated at the 4-position of the ring in (11) .
We come now to the ortho cycloadditions, mode (a), which are by far the most interesting in their susceptibility to polar factors.
As mentioned above, orbital symmetry considerations suggest that homopolar ortho cycloadditions of So ethylene or acetylene to Si benzene are forbidden as concerted processes. The only allowed ortho cycloadditions involve Si ethylene or acetylene plus So benzene. Charge-transfer excitation is also fully "allowed', though polar effects predominate in practice. These predictions have proved valid to a remarkable degree, and no clear exceptions have yet been discovered. Thus ortho cycloadditions, when they occur normally in the presence of a excess of benzene, have involved (i) ethylenic or acetylenic addends having an Si state below Si benzene (in practice having significant absorption near to or beyond the benzene solvent front beyond ca. 280 nm but not showing chargetransfer absorption in benzene at wavelengths >280nm, (ii) charge-transfer excitation at wavelengths > 280 nm, (iii) systems where the reactants comprise a marked donor acceptor pair (in practice having an ionisation potential difference > ca. 1 eV) but show no charge-transfer or other absorption beyond the benzene solvent front.
N-(w-Butyl)maleimide and dimethyl acetylenedicarboxylate could in principle fall either in category (i) or category (iii): the ortho adduct (4:R=R'=C02Me) from the latter can be trapped with tetracyanoethylene, but otherwise undergoes rapid valence isomerization to the corresponding cyclo-octatetrane (5) [20] (which does not appear to undergo the expected bond exchange to the conformer/tautomer (14) to any significant extent [21] ). Maleimide and its N-alkyl derivatives give the 2:1 adducts (3) [22] , via the 1:1 adducts (15): the latter can be trapped by tetracyanoethylene (which does not itself photoadd to benzene) and maleic anhydride as the 1:1:1 adducts (16) and (17) respectively [23] .
The maleimides and the acetylene photoadd to benzene on irradiation at wavelengths >290nm, so direct photoexcitation of benzene can be ruled out. Furthermore, although both the maleimides and dimethyl acetylenedicarboxvlate have electron acceptor properties relative to benzene, the ultraviolet spectra of these in benzene show no signs of significant charge-transfer absorption at wavelengths beyond the benzene solvent front at ca. 280 nm: the absorption due to the maleimides and the acetylene above 280 nm is virtually identical in benzene, cyclohexane, and chloroform, and extends almost to the visible region, though the acetylene absorbs much more weakly than the maleimides. Direct photoexcitation of the addends therefore clearly occurs. The most obvious mechanism would involve a symmetry allowed concerted ortho cycloaddition of the Si addends to So benzene, via a relatively non-polar cyclic transition state. This appears to operate in the case of maleimides, but not with dimethyl acetylenedicarboxylate, as revealed by the differing effects of acids on these processes. Most of our mechanistic studies of the maleimide additions have employed the N-(w-butyl) derivative, which was selected for reasons of experimental convenience. Maleimide and all its n-alkyl and N-aralkyl derivatives so far examined appear to photoadd similarly to benzene.
Thus the photoadditions of maleimide and N-butylmaleimide to benzene at wavelengths > 290 nm are relatively insensitive to the presence of trifluoroacetic acid. In the presence of 0.825 molar CF3CO2H, the yield of the 2:1 adduct (3:R=Bu n ) was reproducibly reduced by about 20%, but no other products were detected. A particular search was made for N-butylphenylsuccinimide, but no trace was found. The photoaddition of maleimide itself was similarly insensitive to acid, though the low solubility of maleimide in benzene renders this system less convenient for study. The relative insensitivity In contrast, irradiation of dimethyl acetylenedicarboxylate in benzene in the presence of trifluoroacetic acid gave the results shown in Table I . Separate experiments showed that dimethyl phthalate was the only product formed by irradiation of dimethyl cyclo-octatetraene 1,2-dicarboxylate in benzene, and that this photoreaction is.markedly acid catalysed.
These results have several very interesting features. Firstly, use of the strong acid appears essential: methanol was ineffective. Secondty, trifluoroacetic acid only affected the relative yields of products, not the overall combined yields which were closely similar in all three experiments. Thirdly, since the reduced formation of the cyclooctatetrane with increased proportions of acid was only partly accounted for by the increased production of dimethyl phthalate, presumably by the process shown in Scheme 1,* we conclude that the B is symmetry allowed; and as we have shown that photoaddition of dimethyl acetylenedicarboxylate to benzene occurs at wavelengths > 290 nm where only the acetylene absorbs, process B privides a more economical route to the intermediate (18) than the alternative electron-transfer route A followed by ring-closure. In the absence of acid, all the products shown in Table I may reasonably be accounted for by an initial symmetry-allowed cyclisation step B, followed mainly by E to give the cyclo-octatetraene (5) and thence dimethyl phthalate as in Scheme 1. The traces of maleate (20) and fumarate (21) could arise by the photochemical 1,3-hydrogen shifts shown in step C: the relative inefficiency could simply reflect the difficulty in exciting (18) at low concentrations in an excess of the reactants.
In the presence of acid, the increased formation of maleate (20) and fumarate (21) could in principle arise either via path A or path B followed by D. Of these, we prefer B followed by I) for the following reasons. Firstly, it utilises the allowed concerted pathway B. Secondly, it explains the apparent need to excite the acetylene rather than the benzene. Thirdly, if the indicated zwitterionic intermediate were really formed through electron-transfer as in path A, one might have expected some sign of charge-transfer absorption in mixtures of the acetylene and benzene, yet the absorptions were strictly additive over the observable range > 260 nm: compare the case of w-butylmaleimide already mentioned, and contrast the case of maleic anhydride and benzene discussed below. Fourthly, only in the effects of acid does addition of the acetylene to benzene differ from that of maleimides. Yet since the acid-insensitivity of maleimide additions seems to rule out electron-transfer analogous to path (A), the acetylene would be even less likely to follow this route, for it appears to be a weaker electronacceptor than ft-butylmaleimide to judge from ultraviolet/visible absorption spectra of mixtures with anisole and dimethoxybenzenes as donors. Moreover, the maleimide intermediate (15) analogous to (18) would not be expected to follow an acid-catalysed pathway analogous to D since the imide nitrogen rather than carboxyl oxygen would preferentially undergo protonation.
We therefore conclude that the products shown in Table I arise by paths B, C, D, and E. Although path A cannot be totally ruled out as a minor contributor, none of the findings require it, and the above considerations argue against it. In other words, the mechanism appears to be of type (i) rather than type (iii).
Returning to Scheme 1, it may be noted that the cyclo octatetraene (5) appears not to undergo photochemical reversion to (18) since irradiation of (5) in the presence of tetracyanoethylene does not give the adduct (19) . Evidently (22) is the preferred product. This observation is consistent with the observation that irradiation of the cyclo-octatetraene (5) in benzene in the presence or absence of trifluoroacetic acid gives only dimethyl phthalate and no trace of the maleate (20) or fumarate (21) . The evident preferred tendency of the cyclo-octatetraene (5) to undergo valence-bond isomerization to (22) rather than (18) is in accord with our earlier observation that (5) exists exclusively in the indicated form, not (14) [21] .
We come now to cycloadditions of type (ii), namely those that occur via initial charge-transfer photoexcitation between a donor-acceptor pair. These show some particularly interesting acid effects that shed considerable light on the mechanisms involved. The photoaddition of maleic anhydride to benzene, giving the remarkably stable 2:1 adduct (2), is by far the most extensively studied reaction falling into this category, and was in fact the first known example of photoaddition to benzene [1] : Professor Schenck discovered that this reaction could also be photosensitized by benzophenone [24] , though as we shall show, the mechanism is different in this case even though the adduct formed is the same as in the unsensitized process.
Firstly, we consider the chemistry of the unsensitised addition before coming to the sensitised process and the photoexcitation mechanisms. Although we had originally [ (24) by an independent route and rather surprisingly showed that, under reaction conditions analogous to those used for the photo-process, it is far less thermally reactive to addition of tetracyanoethylene than to maleic anhydride [25] . We were then able to confirm the intermediacy of (24) This observation is of interest on several counts. Firstly, it shows that proton donors can provide an effective mechanistic probe to test for polar intermediates formed by charge-transfer excitation. Secondly, it demonstrates a clear difference between the mechanisms of photoaddition of maleic anhydride and N-(n-butyl) maleimide to benzene, and one that is consistent with the observed differences between the initial photoexcitation steps -the former charge-transfer, and the latter direct excitation of the maleimide. Thirdly, it provides a rare example of photoelectrophilic substitution in the benzene ring, and was the first case of photochemical Friedel-Crafts alkylation. Incidentally, the corresponding thermal reaction between benzene and maleic anhydride catalysed by aluminium chloride follows an acylation pathway, giving benzoylacrylic acid; so the thermal and photochemical processes are complementary.
We come now to processes of the foregoing type that appear to follow a triplet pathway. As previously noted, Schenck [28] , and this phenomenon would tend strongly to facilitate any charge-transfer from benzene to the excited ^-benzoquinone moiety of a complex. Scheme 4 is in accordance with these observations and considerations, though it should be noted that the weak ground-state complex irself undergoes some protonation in the presence of trifluoroacetic acid. 
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We presume that the apparent failure to react in the absence of acid probably results from ready dissociation of the zwitter-ion (28). An alternative explanation is that the initial photoaddition involves an excited protonated p-benzoquinone (29). This could w r ell contain a strongly electrophilic oxygen centre capable of reacting with benzene by electrophilic substitution to give (27), as in Scheme 5. We do not exclude this possibility, although at the concentrations employed, trifluoroacetic acid does not produce any change in the absorption spectrum of pbenzoquinone in benzene at wavelengths > 290 nm. This tends to argue against any substantial protonation in the ground-state, though protonation could of course occur after photoexcitation. Another observation that tends to weigh more heavily in favour of Scheme 4 than Scheme 5 is that the use V l-H*
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Scheme 5 of toluene in place of benzene gives only quinhydrone and bibenzyl as products of hydrogen atom abstraction, and no trace of methyl-substituted derivatives of (27): ^-xylene behaved similarly. Yet toluene and xylene would be expected to be more reactive than benzene towards electrophilic attack by the excited species (29), whereas hydrogen atom transfer from toluene within a weak excited complex of the type depicted in Scheme 4 is readily envisaged as capable of competing effectively with electron-transfer. Furthermore, in the related case of maleic anhydride, benzene, and trifluoroacetic acid, a mechanism analogous to that in Scheme 5 could certainly account for the formation of phenylsuccinic anhydride, but would not explain the strong inhibition of cycloaddition to give the adduct (2) via (24). On balance therefore, we are inclined to favour the mechanism depicted in Scheme 4, though we would not at this stage completely rule out at least a contribution from that in Scheme 5.
In conclusion, w r e consider acid effects in donoracceptor systems of type (iii) where there is no charge-transfer or other absorption beyond the arene solvent front, i.e. where only the arene is excited, and undergoes only the ortho mode of cycloaddition. Acrylonitrile and its derivatives as addends fall most clearly into this category.
It is interesting to compare our present findings on the acrvlonitrile-benzene system with those for acrylonitrile and the stronger donors naphthalene [30] and methoxybenzenes [31] . Irradiation (254nm) of solutions of acrylonitrile in benzene or benzene and excess of cyclohexane gives a mixture of the ortho adducts (30a and b) in which the endo/exo ratio is ca. 5. The formation of these adducts is strongly promoted in the more polar solvents acetonitrile and methanol, but the endo/exo ratio is unchanged, and no other 1:1 adducts could be detected. In particular, a careful search revealed no trace of 1-phenyl-1-cyanoethane (31), or metacycloadducts, and under the conditions employed, the 2:1 photoadduct first described by Job and Littlehailes [10] was not formed to any significant extent.
The promoting effect of methanol in this reaction appears to be more a result of increased dielectric constant than of acidity since irradiation of an equimolar mixture of benzene and arylonitrile gave exactly the same result in the presence and absence of 10% of trifluoroacetic acid. The effects of solvent polarity clearly indicate the involvement of an exciplex or formally bonded intermediate having markedly polar character, whereas the intensitivity to proton donors implies that this intermediate is (a) insufficiently dipolar in character and/or (b) of too short a lifetime relative to ring closure for it to be intercepted by protonation. If charge-transfer from Si benzene to So acetonitrile were complete, the polar intermediate could be depicted as (32) ; but this probably exaggerates the degree of charge separation actually involved since it is hard to believe that a fully developed carbanionic centre could excape protonation in the presence of trifluoroacetic acid. We therefore consider it likely that the degree of dipolar character which develops in the course of the ortho cycloaddition is sufficient to escape the restrictions imposed by orbital symmetry considerations on a fully concerted homopolar ortho cycloaddition of Si benzene to an S0 alkene [17] , but insufficient to permit interception by a proton donor.
It follows from these considerations that the use of a stronger electron donor than benzene might possibly give a dipolar intermediate having sufficiently well-developed carbanionic character [cf. (32) ] for it to be intercepted by proton donors, with resultant diversion of the reaction pathway to give substitution products analogous to (31) . Results from the use of naphthalene and methoxy benzenes as donors confirm this expectation.
Thus irradiation of naphthalene and acrylonitrile in a range of proton-donor solvents is reported to give mixtures of the 1,2-cycloadducts (33) and (34) with the cyanoethyl substitution products (35) and (36) [30] . In general, and with only one minor exception (acetic acid), formation of the substitution products relative to the cycloadducts is strongly promoted by increased solvent acidity. In the non-donor solvents acetonitrile and dioxane, little reaction occurred, and it would appear that only traces of the cycloadducts were formed. In CH3OD or CH3CO2D, the labelled substitution products (37) and (38) 06, 2 H, (d J = 3.0Hz);  6.2-5.7, 4 H, (m), and 3.67 ppm, 6 H, (s) . Other spectroscopic features of (5) 
Irradiation of dimethyl acetylenedicarboxylate, tetracyanoethylene and benzene
A solution of the acetylene (1 ml), tetracyanoethylene (1 g) and benzene (100 ml) was irradiated for 12 d during which the formation of (5) was examined periodically and found to be forming at ca. 20% the rate in the absence of the ethylene. A dark broAAn solid (1.3 g) was filtered off and from its structureless IR spectrum, insolubility in common solvents and non-sublimation at 250°/0.1 mm Hg it was assumed to be polymeric. The deep orange filtrate produced a brown solid (0.7 g) on concentration A\ 7 
Irradiation of 5 in the presence of trifluoroacetic acid
A solution of (5) (0.5 g) and trifluoroacetic acid (4.0 ml) in benzene (500 ml) Avas irradiated and the progress of the reaction followed by g. 1. c. After 48 h exposure approximately 80% of (5) had been converted to a single product Avith a retention time and mass spectrum identical to those of dimethylphthalate: traces of benzene-trifluoroacetic acid irradiation products were also evident [6] . The cyclo-octatetraene (5) was recovered quantitatively from a "dark" control experiment. 
Irradiation of maleimide and N-n-butylmaleimide in benzene
Photoreactions of maleic anhydride and benzene
Irradiation of maleic anhydride (7 g) in benzene (150 ml) for 8h produced (2) (0.8 g) which was readily isolated by its total insolubility in diethyl ether. Incorporation of trifluoroacetic acid (10 ml) into the above irradiation solution totally suppressed the formation of (2). The residue from this reaction was refluxed for 5 h with methanol (50 ml) and conc. sulphuric acid (0.1 ml) and from analysis by g. 
Irradiation of acrylonitrile-arene systems
Formation, isolation, and identification of the endo and exo ortho cycloadducts (30 a) and (30b) of acrylonitrile and benzene has been previously described [33] . Irradiation of acrylonitrile (1 ml), benzene (1 ml) in diluent (8 ml) (cyclohexane, acetonitrile, and methanol) produced the same two adducts in the same ratio as deduced from h.p.l.c. analysis of the irradiated solutions on Partisil PX10/20 using 5% v/v ethanol in cyclohexane as eluent: the rate of formation of (30a) and (30b) in the latter two solvents was approximately 1.5 times that in the hydrocarbon. The yields of the two 1:1 adducts from irradiation of equivolume mixtures (10 ml) of the addends in the absence and presence of trifluoroacetic acid (1 ml) were, within experimental error, the same.
We have previously described the photoaddition of acrylonitrile and anisole and the effect of cyclohexane and acetonitrile solvents on the reaction [34] . Ohashi and co-workers have reported that in methanol as solvent irradiation of acrylonitrile and anisole yields only the substitution product (48) [31] . In contrast we find that irradiation of acrylonitrile ( 
